concluded that gemini structures would be excellent for achieving low surface tensions even with fluoroalkyl chain lengths of less than C 5 .
Concurrently, we also developed all-hydrocarbon geminis having COOH as hydrophilic head groups, including succinic acid-type 15, 16 , adipic acid-type, and suberic acid-type gemini surfactants 17 . Succinic acid-type geminis were synthesized by the oxidative coupling of enolates of fatty acid tert-butyl esters using copper II bromide and subsequent treatment with CF 3 COOH, and the influence of the stereochemistry dl-and meso-of the succinic acid geminis on their monolayer behaviors at the air-water interface was explored by investigating the surface pressure-area π-A isotherms, the compression modulus of monolayers E G , and by Brewster angle microscopy BAM 16 .
However, due to difficulties involving the synthetic routes and starting materials, we have not yet succeeded in the separation of the stereoisomers of the semifluoroalkyl-containing gemini surfactants. In this work, we report the synthesis of succinic acid-type gemini surfactants having semifluoroalkyl groups in the hydrophobic segment, as depicted in Fig. 1 , and the successful separation of the dl-and meso-stereoisomers. Moreover, their surfactant properties and monolayer behaviors at the air-water interface were studied to investigate the impact of their stereochemistry. This is the first report on their unique monolayer behaviors at the air-water interface involving their stereochemistry.
EXPERIMENTAL PROCEDURES

Materials and Instruments
10-undecenoic acid and 2-butenoic acid chloride crotonoyl chloride were purchased from Tokyo Chemical Industry Co., Ltd. TCI, Tokyo, Japan . Heptadecafluorooctyl iodide C 8 F 17 -I , tridecafluorohexyl iodide C 6 F 13 -I , and nonafluorobutyl iodide C 4 F 9 -I were purchased from Fluorochem UK . All other reagents and solvents were purchased from Wako Pure Chemical Industries Japan . Solvents were purified as follows: dimethyl sulfoxide DMSO was dried over molecular sieves MS-4A; N,N-dimethylform amide DMF over CaH 2 ; EtOH on Mg; and THF over Na/ benzophenone. Water was prepared by ultrafiltration of distilled water using an Advantec pure water system RFU-354BA. Infrared spectra were recorded on a Nicolet Avator 370 DTGS FTIR spectrometer, and the 1 H NMR and 19 F NMR spectra were recorded on a Bruker AVANCE-III 400 spectrometer. The mass spectra were taken on a JEOL Mstation JMS-700 mass spectrometer using the fast atom bombardment technique FAB with m-nitrobenzyl alcohol as a matrix.
Synthesis
2.2.1 2,3-Bis perfluoroalkyl-nonyl succinic acid 5 2.2.1.1 tert-Butyl undecenoate 2 A mixture of tert-butanol 14.9 g, 0.2 mol , 10-undecenoic acid, 1, 18.8 g, 0.1 mol , 4-dimethylaminopyridine DMAP, 2.5 g, 20 mmol , and N,N -dicyclohexyl carbodiimide DCC, 22.6 g, 0.11 mol in 200 mL toluene was stirred for 24 h at room temperature under a nitrogen atmosphere. Addition of hexane 70 mL resulted in the precipitation of dicyclohexylurea DCU , which was then filtered off. The filtrate was washed with 1M HCl and the organic layer was concentrated under reduced pressure. The residue was extracted with ether using ultrasonic apparatus. After concentration, the residue was subjected to column chromatography on silica with hexane/AcOEt 10:1 as an eluent to obtain tert-butyl undecenoate 2 17g, 0.07 mol, 70 . Lithium diisopropylamide LDA, 22 mmol 11 mL, 2.0 M in hexane/THF and 35 mL of dry THF were placed in a dry 100 mL flask equipped with a dropping funnel, septum inlet, and magnetic stirrer under nitrogen. After cooling to 78 , 20 mmol of 2 in 15 mL dry THF was added dropwise over a period of 30 min, followed by an additional 15 min of stirring. With vigorous stirring, 4.7 g 21 mmol of fine anhydrous CuBr 2 was added in one portion. After stirring for 30 min, the reaction was quenched by adding 50 mL of 1 M HCl at 78 , and the mixture was allowed to reach room temperature. After being extracted twice with hexane 75 mL each , the combined organic layers were washed with water and dried over Na 2 SO 4 . Both the unreacted ester and α-bromo ester were distilled off by shortpath vacuum distillation 150 , 1 mmHg , and after this The following is a typical synthesis of the dl-isomer of ditert-butyl 2,3-bis nonafluorobutyl-nonyl -succinate dl4a : A mixture of C 4 F 9 I 17.3 g, 50 mmol , dl-3 4.78 g, 10 mmol , and 2,2 -azobisisobutyronitrile AIBN, 0.16 g, 1 mmol was introduced into a 100 mL flask and subjected to vacuum-flushing with argon while freezing with liquid nitrogen. This mixture was then heated at 80 while stirring for 8 h. After recovery of unreacted C 4 F 9 I by distillation, the resulting oil was dissolved in EtOH 100 mL , then Zn 1.96 g, 30 mmol and acetic acid 9.0 g, 150 mmol were added and the mixture was stirred for 18 h at 50 . After filtration through Celite, the filtrate was concentrated, extracted with ether, washed with water, dried over Na 2 SO 4 , and concentrated to afford dl-4a 6.25 g, 6.8 mmol, 68 . This was subjected to the next deprotection step without further purification. Meso-4a was prepared in 70 yield under similar conditions. Similarly, dl-and meso-isomers of 4b and 4c were obtained using C 6 F 13 I and C 8 F 17 I. In those reactions, the reaction temperature was raised to 90 using AIBN as an initiator. The 1 H NMR and analytical data are summarized in Table 1 .
Deprotection of tert-butyl ester by CF 3 COOH
The following is a typical synthesis of the dl-isomer of 2,3-bis nonafluorobutyl-nonyl succinic acid dl-5a : A mixture of dl-4a 1.22 g, 1.33 mmol and trifluoroacetic acid 9 mL was stirred for 10 min at room temperature. After removal of trifluoroacetic acid under reduced pressure, the residue was dissolved in ether, washed with water, dried over Na 2 SO 4 , and concentrated. The residue was recrystallized from hexane to afford dl-5a 0.76 g, 0.94 mmol, 71
. Meso-5a was obtained in 68 yield under similar conditions.
The dl-and meso-isomers of 5b and 5c were obtained via similar synthetic routes. Crotonoyl chloride, 6, 8 mL, 84 mmol was added dropwise to a mixture of tert-butanol 9.52 g, 128 mmol and trimethylamine 12 mL, 86 mmol in CH 2 Cl 2 80 mL at 0 under a nitrogen atmosphere. After addition, the reaction mixture was stirred for 1 h at 0 . Ether 100 mL was added, and the precipitated ammonium salt was filtered off. The filtrate was washed once with 1M HCl, twice with water, then it was dried over Na 2 SO 4 and concentrated to afford an oily residue. Distillation using a glass tube oven 60 , 43 mmHg gave tert-butyl butenoate 7 9.44 g, 66 mmol, 79 . The following is a typical synthesis of tert-butyl nonafluorobutyl butanoate 8a : C 4 F 9 I 17.3 g, 50 mmol , 7 1.42 g, 10 mmol , and AIBN 0.16 g, 1 mmol were placed in a 100 mL flask. After vacuum-flushing with argon while freezing with liquid nitrogen, this mixture was heated to reflux and stirred for 8 h. After recovery of unreacted C 4 F 9 I, the resulting oil was dissolved in EtOH 50 mL , then Zn 1.96 g, 30 mmol and acetic acid 9.0 g, 150 mmol were added and the mixture was stirred at 50 for 18 h. After filtration through Celite, the filtrate was concentrated, extracted with ether, washed with water, dried over Na 2 SO 4 , and concentrated to afford 8a 2.53 g, 7.0 mmol, 70 .
Similarly, 8b and 8c were obtained using C 6 F 13 I and C 8 F 17 I in 68 and 62 yields, respectively. In those reactions, AIBN was used as an initiator, and the reaction temperature was raised to 90 . 2.2.2.3 Di-tert-butyl-2,3-bis perfluoroalkyl-ethyl succinate 9 The following is a typical synthesis of di-tert-butyl-2,3-bis nonafluorobutyl-ethyl succinate 9a : The oxidative coupling of enolates of tert-butyl nonafluorobutyl butanoate 8a with copper II bromide was carried out in a similar manner to that shown in section 2.2.1.2. After removal of unreacted 8a and α-bromo ester, the residue was subjected to chromatography on silica with hexane/toluene 2:1 as eluent, and the diastereomers dl-9a and meso-9a were separated with yields of 14 Rf 0.19 and 16 Rf 0.31 , respectively.
The dl-and meso-isomers of 9b and 9c were prepared in a similar manner. Their 1 H NMR and analytical data are summarized in Table 1 Analysis data of FmC9 gemini series.
Measurements
Surface tension measurements were carried using a Sigma 701 KSV Instruments by the Wilhelmy method using a platinum plate at 25 . Samples were prepared as follows: to a precisely weighed amount of surfactant in a 50 mL measuring flask, two molar equivalents of KOH were added in the form of a 0.1 M KOH solution, followed by dilution using 0.01 M KOH solution to give a total volume of 50 mL. This was accurately diluted with 0.01 M KOH solution to the target concentrations and stored at 25 for 12 h before measurements.
The adsorbed amount of a surfactant Γ CMC was calculated according to the Gibbs adsorption equation, Γ CMC 1/ νRT dγ /dlnC 19 . Here, γ denotes the surface tension, R is the gas constant 8.31 J mol 1 K 1 , T is the absolute temperature, and C is the surfactant concentration. For the fluorinated surfactants 5a and F4C10 1 1 type , the value of ν was considered to be 1 because the concentration of KOH 0.01 M was significantly higher than their CMCs, and the effect of the adsorption of the K counter ion on surfactants at the air/water interface would be negligible. In the cases of 10a, F4C2-S3, and F4C2-S4 see section 3.2 for abbreviation , as their CMCs were close to the concentration of KOH 0.01 M , the effect of the adsorption of the K counter ion on surfactants at air-water interface could not be neglected, and the value of ν was considered to be 2 see section 3. A roughened platinum Wilhelmy plate was placed in the middle of the trough facing i.e., parallel to the moving barriers. Prior to each measurement, the subphase surface was cleaned by aspiration, such that the measured surface pressure remained 0.20 mN m 1 over a full compression.
Gemini solutions 1.0 mmol dm 3 in C 6 H 6 -THF 4:1, v/v was spread onto the subphase of a standard Langmuir PTFE trough filled with 0.001 M HCl pH 3.0 solution. After a sample solution of 25 μl was deposited onto the subphase in 10 uniformly distributed drops using a gastight Hamilton syringe, a minimum of 30 min was allowed prior to starting the isotherm measurements to ensure complete evaporation of the solvents. Surface pressure, π, was recorded during all isotherm measurements. Each measurement was repeated at least three times to check the reproducibility of the isotherms, which in all cases was reproducible with standard deviations for the molecular surface area and surface pressure of 0.1 nm 2 and 0.1 mN m 1 , respectively.
Determination of zero-pressure molecular area A 0
In this work, the following method was used to determine zero-pressure molecular area A 0 . First, the compression modulus of the monolayer on the water surface, E G , was evaluated from the π-A isotherm see next section , and the collapsing pressure π c was determined as the pressure of isotherm at the E G max point. By extrapolating the tangent of the π-A isotherm at the E G max point to zero pressure, A 0 was determined.
Compression modulus analysis
The Gibbs compression modulus of the monolayer on the water surface, E G , was evaluated from the π-A isotherm by using the equation 20, 21 .
The E G max was defined as the maximum value of E G , and the collapsing point in this work was defined as the E G max point on the isotherm.
RESULTS AND DISCUSSION
Selection of methylene chain length
In our previous work, two different 1,2,3,4-butanetetracarboxylic acid-type gemini surfactants having a series of semifluoroalkyl groups Rf-CH 2 n -; n 2, 3, 4, 5, 6, 8, 11 as ester segments at the 2,3-and 1,4-positions of butanetetracarboxylic acid were successfully synthesized, and the effects of the methylene chain length of the semifluoroalkyl group on the monomolecular film-forming behavior at the air-water interface were investigated 14 . This research into the zero-pressure molecular area A 0 and Gibbs compression modulus analysis of π-A isotherms of semifluoroalkylated geminis indicated that those with short methylene chains n 2-4 would form more rigid monolayers than those having long chains n 8-11 , while the surface tension measurements showed both CMC and γ CMC of semifluoroalkylated geminis remained nearly unaffected by changes in methylene chain length. In response to this, in this work we selected Rf-CH 2 2 -and Rf-CH 2 9 -as the representative semifluoroalkyl groups for the short and long methylene chain lengths, respectively.
Synthesis
Gemini surfactants consist of two hydrophobic tail groups, two hydrophilic head groups, and a spacer group. In this work, 2,3-bis semifluoroalkyl succinic acids were the synthetic targets. In our previous work 16 , we referred to Quermann et al. 22 , and dl-and meso-2,3-bis undecyl succinic acid geminis were successfully synthesized by the oxidative coupling of enolates of tridecanoic acid methyl and tert-butyl esters using copper II bromide. Interestingly, in the case of tert-butyl ester, Claisen condensation did not occur due to steric hindrance, and tert-butyl diesters were smoothly converted to their carboxylic acids by treatment with CF 3 COOH. In addition, fluoroalkyl gemini surfactants must contain fluoroalkyl groups in the hydrophobic tail. Brace has inten- Fig. 2 Synthetic schemes of succinic acid-type geminis 5 (n=9, FmC9) and 10 (n=2, FmC2).
sively studied the free radical chain reaction of iodoperfluoroalkane Rf-I and terminal unsaturated compounds such as acids esters 23 and alcohols 24 as simple and useful reactions for the introduction of fluoroalkyl groups. Based on this work, tert-butyl 10-undecenoate 2 and 3-butenoate 7 were prepared as starting materials for Rf-CH 2 9 -and Rf-CH 2 2 -, respectively. Meanwhile, there were two possible strategies for the introduction of the perfluoroalkyl groups, taking place either before or after the oxidative coupling of the enolates. As Quermann et al. reported 22 , the oxidative coupling of the enolate of 2 was found to yield a mixture of two diastereomers meso-and dl-of di-tert-butyl 2,3-bis 8-nonenyl succinate 3. After separation by column chromatography, each diastereomer was subjected to radical addition of Rf-I Rf C 4 F 9 , C 6 F 13 , or C 8 F 17 to the terminal CH 2 CH-segments 23 , followed by reduction of I to H with Zn powder and acetic acid in EtOH. As expected, di-tert-butyl 2,3-bis perfluoroalkyl-nonyl succinate 4 was successfully obtained without any change in stereochemistry irrespective of the length of the Rf chain. At the same time, 2 was first converted to C 8 F 17 CH 2 10 COO-tert-Bu, and the oxidative coupling of the enolate of this ester was examined. A mixture of two diastereomers of 4c was obtained from this reaction, but the undesired dehydrogen fluoride reaction from the perfluoroalkylated esters proceeded to some degree, which made it difficult to purify 4c. For this reason, it was concluded that the introduction of Rf to the terminal CH 2 CH-segments after the oxidative coupling of the enolates was the preferable route to the products.
However, Maanen et al. generated the dienolate from methyl 3-butenoate by deprotonation with one equivalent of LDA in THF at 78 and reaction with imines to form the α-and γ-coupled products, with relative yields depending on the reaction temperatures and imines used 25 . In fact, we examined the oxidative coupling of tert-butyl 3-butenoate 7 , but a complicated mixture of products was obtained, and it was difficult to separate α, α-, α, γ-, and γ, γ-coupled diesters. Therefore, in the case of 3-butenoate 7 , Rf was first introduced to the terminal CH 2 CHgroups, and the subsequent oxidative coupling of the enolates of 8a-c successfully afforded di-tert-butyl 2,3-bis perfluoroalkyl-ethyl succinate 9a-c , though the yields of the couplings were low 30-40 . The meso-and dl-diastereomers of 9 were separated by column chromatography.
Finally, each stereoisomer of tert-butyl diesters 4 and 9 was smoothly converted to its carboxylic acid gemini, 5a-c and 10a-c, by treatment with CF 3 COOH without production of any other diastereomers.
Hereafter, instead of compound number, the semifluoroalkyl succinic acid geminis are abbreviated as stereoFmCn, where stereo indicates the diastereomerism of the molecular structure, namely meso and dl, m the number of carbon atoms in the perfluoroalkyl segment m 4, 6, 8 , and n the length of the methylene chain of the semifluoroalkyl segment n 2, 9 , respectively. The corresponding 1 1 type acids, C m F 2m 1 CH 2 10 COOH and C m F 2m 1 CH 2 3 COOH, are abbreviated as FmC10 and FmC3 m 4, 6, 8 , respectively, and previously reported COOH geminis having C 4 F 9 CH 2 2 and longer spacers -CH 2 3 -and -CH 2 4 -are abbreviated as F4C2-S3 and F4C2-S4, respectively.
Surface Tension Measurements
The surface properties, i.e., critical micelle concentration CMC , effectiveness of surface tension reduction γ CMC , efficiency of surface tension reduction pC 20 : negative logarithm of the surfactant concentration required to reduce the surface tension of the solvent water by 20 mN m 1 26 , maximal surface excess concentration Γ CMC , and the Gibbs occupied minimum area A G , were investigated at 30 . The prefactor ν is very important for ionic surfactants when determining Γ CMC using the Gibbs equation. With no added salt, for a 1:1 strong electrolyte, such as RCOO M , the value of ν is 2; for a 2:1 strong electrolyte, such as M OOCC R -spacer-C R COO M , the value of ν is considered to be 3. At high concentrations of salt, C salt C surfactant , the value of ν can be regarded to be 1 in all cases. Therefore, the value of ν for C 4 F 9 geminis and 1 1 type F4C10 was considered to be 1, because the concentration of KOH 0.01 M was significantly higher than their CMCs, and thus the effect of adsorption of K counter ions at the air-water interface would be negligible. However, for intermediate concentrations of salt, it is generally accepted that 1 ν 2 for conventional surfactants and 1 ν 3 for gemini surfactants . In this work, as the CMCs of 10a, F4C2-S3, and F4C2-S4 geminis were close to the concentration of KOH 0.01 M , the effect of adsorption of K counter ions at the air-water interface could not be neglected. Li et al. 27 studied the surface tension and neutron reflection of cationic gemini solutions of C m H 2m 1 N CH 3 2 -CH 2 s -N CH 3 2 C m H 2m 1 Br 2 . They found that the prefactor ν in the Gibbs equation approached 2 with increasing surfactant concentration 10 3 M , and they explained that the dicationic surfactant ions would all be in the form of a 1:1 complex with the Br ions in the bulk solution at high concentration. Referencing their conclusion, we also used a value of ν 2 for geminis 10a, F4C2-S3, and F4C2-S4.
Results for the COOH geminis F4C2-S3 and F4C2-S4 are shown in Fig. 3 and that is to say that the meso-isomer showed two breaking points in γ vs. log C isotherms, while the dl-isomer gave only one breaking point. This was interpreted in terms of the alignment of the two alkyls at the surface, namely the presence of staggered and eclipsed conformations due to hydrophobic interactions and electrostatic repulsion. However, in the case of F4C9 geminis, the effect of stereochemistry on lowering the surface tension was exactly the opposite of the result of the dialkyl group. The rigidity and bulkiness of the Rf group could be another factor affecting the alignment of the two semifluoroalkyl groups at the airwater interface. In addition, the values of pC 20 of the F4C9 geminis were slightly larger than those of the 1 1 type F4C10, which further supports the superior surfactant ability of the gemini structure.
In the case of shorter methylene groups F4C2 geminis: C 4 F 9 CH 2 2 -, as the semifluoroalkyl group became less hydrophobic, the γ vs. log C isotherms shifted to higher concentrations by more than two orders of magnitude. For example, the CMC of dl-F4C2 was at 5 10 3 mol dm 3 with γ CMC 24 mN m 1 , which was larger than that of dl-F4C9. On the other hand, meso-F4C2 did not form micelles even at a concentration of 1 10 2 mol dm 3 . This may be explained as follows: short methylene chains such as -CH 2 2 -were insufficient to relax the crowding caused by two C 4 F 9 groups and the electrostatic repulsion of COO groups on the adjacent carbon atoms in the meso-isomer, leading to less adsorption at the air-water interface than seen for the dl-isomer. It is also interesting that the γ vs. log C isotherms of the F4C2-S3 and F4C2-S4 geminis, whose spacers were -CH 2 3 -and -CH 2 4 -, respectively, were analogous with that of dl-F4C2, which may reflect the importance of preventing the crowding of the two C 4 F 9 groups. Based on the results shown in Fig. 3 , Γ CMC values were determined, and are listed in Table 3 . With respect to the occupied minimum area A G , the values for the 1 1 type F4C10 was 0.43 nm 2 , which was consistent with the values obtained from π-A measurements of various semifluoroalkanoic acids on water 28 . However, the A G values of the 1) Values at the 1st break point. 2) Values at the 2nd break point. 3) Data from previous work.
F4C9 geminis were remarkably small, contrary to our expectations. For example, the A G value of dl-F4C9 was 0.25 nm 2 , which is exceptionally small given the cross-sectional area of the perfluoroalkyl chain. At the present, it cannot be explained why the A G values of F4C9 geminis were unexpectedly small. In this work, ν 2 was employed for F4C2, F4C2-S3 and F4C2-S4 geminis to estimate their Γ CMC and A G values, but strictly speaking ν can vary depending on the concentration of the electrolytes. The A G values of the F4C2-S3 and F4C2-S4 geminis were close to twice that of the 1 1 type F4C10, which may indicate parallel alignment of the two C 4 F 9 CH 2 2 groups at the air-water interface in the geminis. However, the A G values of F4C2 geminis were higher than those of F4C2-S3 and F4C2-S4 geminis, likely due to crowding of the two adjacent C 4 F 9 CH 2 2 groups due to the short methylene chain, which would prevent parallel alignment.
Monolayer Formation at the Air-Water Interface
The alignment of gemini surfactants at the air-water interface was investigated by the surface pressure-area π-A isotherm measurements. In accordance with the literature 29 , 0.001 M HCl was employed as the subphase pH 3 to suppress the dissociation of acid groups, because back-titration experiments on dl-F4C9 showed that all COOH groups remained undissociated at pH 3. Results of π-A isotherms of the gemini surfactants FmC2 and FmC9 m 4, 6, 8 at 25 are summarized in Fig. 4 , where the π-A isotherms of corresponding 1 1 type surfactants, FmC10 and FmC3 m 4, 6, 8 , are also shown. The π-A isotherms of dl-and meso-bis undecyl succinic acid respectively abbreviated as dl-and meso-C11 and F8C9 geminis are compared in Fig. 5 . Four parameters, the liftoff area A L , the molecular occupation area on the isotherm where a monolayer shows detectable resistance to compression , zero-pressure molecular area A 0 , the limiting area occupied by a molecule on the surface , the maximum of the Gibbs compression modulus E G max , a parameter of state of monolayer , and the collapsing pressure of monolayer π c , which was defined in this work as the pressure of the isotherm at E G max , are summarized in Tables  4 and 5 for the geminis FmC2 and FmC9, respectively. For comparison, values of the corresponding 1 1 type acids, FmC10 and FmC3, are also listed. The effects of Rf, methylene chain length, and stereochemistry on the alignment at the air-water interface were investigated based on the π-A measurements.
All geminis showed definite formation of monolayers on the 0.001 M HCl subphase at 25 , while 1 1 type surfactant with short methylene chains, FmC3 m 4, 6, 8 , did not show the expected isotherms, with F4C3 not forming a monolayer.
Effect of Semifluoroalkyls on A L
Initially, all geminis would be spread out at the air-water interface, with their two hydrophilic COOH groups dousing in the water. In our previous work on dl-and meso-C11 16 , it was concluded that the two hydrophobic alkyl groups were in an almost upright orientation, with the hydrophobic and hydrophilic groups set in an eclipsed conformation across the carbon-carbon bond of the gemini spacer. In the meso-isomer, the two hydrophobic alkyl chains were parallel to each other across the carbon-carbon bond of the gemini spacer, while those of the dl-isomer were set in a skewed position. The lift-off area, A L , reduced with increasing Rf chain length in the order C 4 F 9 ≥ C 6 F 13 C 8 F 17 , regardless of methylene chain length n . However, in the case of geminis with the same Rf group, FmC2 geminis, i.e., those with short methylene chains. gave larger A L values than FmC9 geminis. For example, Fig. 5 compares the π-A isotherms of dl-C11, dl-F8C2, and dl-F8C9. The lift-off areas of dl-C11 and dl-F8C9 were almost the same 0.8 nm 2 despite the larger volume rigidity and bulkiness of the fluoroalkyl group, which could be explained by the lift-off area of the dl-gemini being determined primarily by the area of the head groups. As the C 8 F 9 CH 2 9 possesses long methylene chains that would be standing nearly upright to the air-water interface like the long hydrocarbon alkyls in dl-C11, they would have similar values of A L . However, the lift-off area of the dl-F8C2 was larger than those of dl-C11 and dl-F8C9, indicating that two hydrophobic C 8 F 9 CH 2 2 groups were spread out on the subphase surface owing to the low flexibility of the short methylene chain. their Gibbs compression modulus of monolayer E G became the maximum E G max , and the surface pressure at this point was defined as π c .
The balance between hydrophobic interactions and steric hindrance determined the degree of alignment of the two hydrophobic groups on adjacent carbon atoms. Regarding the interaction between hydrophobic groups, both intermolecular Int inter and intramolecular In tintra interactions helped to arrange the gemini molecules. Before liftoff, Int intra would be expected to operate preferentially. It is assumed that intramolecular hydrophobic interaction between semifluoroalkyl groups can be separated into two components, namely the interaction between Rf groups Int F and that between methylene chains Int CH2 , and that Int intra Int F Int CH2 . As the former interaction would become larger in the order C 4 F 9 C 6 F 13 C 8 F 17 , and the latter in the order CH 2 2 CH 2 9 , this would explain the dependencies of A L on both Rf and methylene chain length. In general, the value of the maximum compression modulus, E G max , in the π-A isotherm allows determination of the state of a film 21 . In our previous studies on bis alkanoyl tartaric geminis 30, 31 , the values of E G max were closely condensed or solid films. However, it is notable that the E G max value of F8C9 gemini was smaller than that of F8C2 gemini despite its longer methylene chain. A tentative explanation of this unexpected ordering is that the internal hydrophobic interaction between the -CH 2 9 -chains may not be sufficient to control the flexibility of the methylene chains, causing disruption to the alignment of the C 8 F 17 groups resulting in a decreased E G max .
Effect of Methylene Chain Length
Though it would be expected that F8C9 geminis would form more rigid monolayers than F8C2 geminis because of the larger Int CH2 of CH 2 9 , the E G max values of F8C2 geminis were nearly twice those of F8C9 geminis, regardless of stereochemistry. In addition, the π-A isotherm of F8C2 at 25 showed a clear plateau region indicating a LE LC transition followed by subsequent formation of a 32 . After considering both steric factors and intermolecular forces, they proposed several monolayer models where the fluorinated terminal groups were in an extended configuration, with the larger diameters of the terminal perfluoroalkyl groups serving to separate the methylene chains over at least a portion of their length, thus decreasing the cohesive forces between them on closer packing. Of those models, they advocated one in particular where the long methylene chains could attain only short-range order, forming a two-dimensional quasi-liquid phase, namely the LC state. In our work, the F8C9 geminis had long methylene chains which were more flexible than the CH 2 2 chains of the F8C2 geminis. Therefore, though the intramolecular interactions between the two C 8 F 17 and the two methylene chains in the F8C9 geminis would outnumber those of the F8C2 geminis, the quasi-liquid phase of the -CH 2 9 -chains would only allow the formation of a closely condensed monolayer, not solid films.
In our previous work with 1,2,3,4-butanetetracarboxylic acid type gemini surfactants with semifluoroalkyl chains 14 , the values of E G max were 460 mN m 1 and 200 mN m 1 for n 2 and 11, respectively. This result could also be reasonably explained by the same reasoning.
Effect of Stereochemistry
The influence of stereochemistry on monolayer formation was also investigated. In the case of the hydrocarbon geminis dl-and meso-C11 , although the values of A L were same for both isomers, dl-and meso-C11 exhibited completely different π-A isotherms 16 . That is, as shown in Fig.  5 , meso-C11 gave a unique isotherm where the surface pressure drastically decreased at A 0.56 nm 2 , while the dl-isomer showed an isotherm exhibiting the usual liftoff LE LC phase transitions. Furthermore, BAM analysis of the meso-C11 monolayer at the air-water interface showed that small islands appear just after the maximum pressure A 0.56 nm 2 , with some assemblies appearing and aggregation occurring at the air-water interface on further compression. It was concluded that hydrophobic interactions between two adjacent alkyl groups were more effective in the meso-isomer than in the dl-isomer, with meso-molecules jumping up to cause the transition from monolayer to bilayer, resulting in the drop in surface pressure and formation of the 3D aggregates seen in BAM images. In this work, the values of A L were identical for the dland meso-isomers of all FmC2 and FmC9 geminis. Surprisingly, as can be seen in Fig. 4 , after lift-off both isomers showed almost the same isotherms until the maximum surface pressure of the meso-isomer was reached. As shown in Tables 4 and 5, the collapsing pressures of the monolayers π c of the dl-isomers were larger than those of the meso-isomers, regardless of Rf and n, and convex optimum pressures due to the collapsing of the monolayers were observed for meso-isomers, which could be caused by hydrophobic interactions between two adjacent semifluoroalkyl groups, similar to those observed in case of meso-C11. In particular, meso-F8C2 showed a sudden decrease in surface pressure due to this collapse. However, both intramolecular and intermolecular interactions between semifluoroalkyl chains would be smaller than those between hydrocarbon chains, and the mechanism of the jumping up effect is obscure. Therefore, it can be concluded that the weaker hydrophobic interactions between semifluoroalkyl chains would have made the effect of stereochemistry on monolayer behavior less noticeable.
Fig. 5 Comparison of π-A isotherms of succinic
Geminis F8C2 (dl-), F8C9 (dl-and meso-), and C11 (dl-and meso-). Subphase: 0.001M HCl, at 25℃.
CONCLUSION
In this work, we have successfully synthesized succinic acid-type gemini surfactants having semifluoroalkyl groups, dl-and meso-2,3-bis C m F 2m 1 -CH 2 n -succinic acids m 4, 6, 8; n 2, 9 , which are abbreviated as dl-and mesoFmCn, respectively, by combining the oxidative coupling of fatty acid tert-butyl esters using CuBr 2 and radical addition of perfluoroalkyl iodide at the terminal CH 2 CH-. In addition, the effects of fluoroalkyl group Rf , methylene chain length, and stereochemistry on their adsorption and alignment at the air-water interface, and monolayer behaviors were investigated by surface tension and π-A measurements.
As expected, the critical micelle concentrations CMC of dl-and meso-2,3-bis C 4 F 9 CH 2 9 -succinic acids were approximately one order of magnitude smaller than that of the corresponding 1 1 type C 4 F 9 CH 2 9 COOH surfactant, which agrees with the superior ability of the gemini structure to reduce the surface tension.
From π-A measurements, the A L values of the geminis became smaller in the order C 4 F 9 C 6 F 13 C 8 F 17 , regardless of methylene chain length and stereochemistry. The A 0 values of the geminis also decreased in the same order, and were almost twice the A 0 values of the corresponding 1 1 type acids, which also indicates that semifluoroalkyl groups of the gemini structures are standing upright and parallel, and packed at the air-water interface. From the A 0 values and the Gibbs compression modulus analysis, dl-and meso-F8C2 were found to form more rigid monolayers than F8C9 geminis which had longer methylene chains. It should be noted that the effect of the flexibility of the methylene chain on monolayer behavior would also depend on Rf chain length.
As the semifluoroalkyl groups of the succinic gemini were attached to adjacent carbon atoms gemini spacer C-C bond , the hydrophobic interactions between the methylene chains were restricted even when using -CH 2 9 chain length, and only LC state monolayers were attained, as suggested by Shafrin and Zisman 32 .
Though Shafrin and Zisman offered the objection against the most compact packing model where terminal fluorocarbon chains are normal to the interface and long hydrocarbon chains inclined at 63.5 to the interface, we believe such a compact packing model would be possible by making the most use of the intra-and intermolecular interactions between both Rf chains and the long methylene chains. For that purpose, we are now developing bis semifluoroalkyl fatty acids with longer methylene chains n 16 , and working on the possibility of a compact packing model using π-A measurements. Results from these studies will be reported in the near future.
